EX1 (1.00)/LF3 (0.68), respectively. At D2, the highest sensitivity/specificity were observed for LF3 (0.69)/BW (1.00), respectively. At D3, the highest sensitivity/specificity were observed for LF3 (0.78)/EX1, EX2 and BW (1.00). EX1 showed higher accuracy values than LF1, and EX2 showed similar values to LF2. We concluded that the visual-tactile examination showed better results in detecting sound surfaces and approximal caries lesions without tooth separation. However, the effectiveness of approximal caries lesion detection of both methods was increased by the absence of contact points. Therefore, regardless of the method of detection, orthodontic separating elastics should be used as a complementary tool for the diagnosis of approximal noncavitated lesions in primary molars.
sents low sensitivity and high interexaminer variability [Hintze and Wenzel, 1994; Ricketts et al., 1997; Wenzel, 2004; Hala et al., 2006] .
In order to find more sensitive and specific methods, a laser fluorescence device, named DIAGNOdent, was developed for the detection of carious lesions. This device measures the severity of carious lesions by providing numerical values, which, according to the manufacturer, establish a direct relationship to the lesion depth. In the examination of proximal surfaces, however, the device presented limited value, since its tips were incapable of penetrating the interproximal space . Another device, designated DIAGNOdent 2190 or the DIAGNOdent pen, was launched on the market in 2005, but few studies have been conducted up to the writing of this article, with the purpose of evaluating its accuracy in vitro Lussi and Hellwig, 2006; Aljehani et al., 2007; Kühnisch et al., 2007a, b; Rodrigues et al., 2008] , all being conducted strictly in permanent teeth. In vivo studies conducted on proximal surfaces in primary teeth used the visual clinical examination as a standard method [Novaes et al., 2009 [Novaes et al., , 2010 [Novaes et al., , 2012 . Histological validation was done only in the in vitro study by .
As regards the examination of the approximal surfaces of primary teeth, the broader area of proximal contact makes it difficult to perform an effective diagnosis. In view of this problem, many lesions remain undetected and their progression to advanced stages of the disease occurs more rapidly when compared to permanent teeth. This could be explained by some of the characteristics of primary teeth, such as the thinner enamel and dentin layers [Mortimer, 1970] , lower degree of mineralization [Wilson and Beynon, 1989] , wider dentinal tubules in comparison with permanent teeth [Murray and Majid, 1978] , and wide area of contact allowing greater biofilm accumulation [Pitts and Rimmer, 1992] . Therefore, at present, there are increasing endeavors to detect lesions while they are still in their initial white spot stage, when mineral loss has not yet caused surface discontinuity and loss of substance on the surface in question. The importance of an early lesion detection is justified by the possibility of treating these lesions by noninvasive methods, sparing the child the painful experience and emotional tension, in addition to increasing the chances of permanence of the primary teeth until the time of their normal exfoliation. Based on the foregoing, the aim of the present study was to evaluate the influence of approximal contact points by comparing, for the first time in the literature, the performance of the DIAGNOdent pen and visual-tactile examination after tooth separation to bitewing radiography (BW), in the detection of incipient approximal caries lesions in primary molars in vivo, using the computed microtomography (μCT) as a reference standard.
Subjects and Methods

Study Design and Sample Selection
The experimental protocol used in the present clinical study was approved by the Research Ethics Committee of the School of Medicine, Fluminense Federal University (Niterói, R.J., Brazil; document CEP CMM/HUAP No. 310/09). All children examined were volunteers and permission was obtained from their guardians for participation in the research, by means of signature on a Term of Free and Informed Consent. For the use of exfoliated primary molars, a Donation Term was also signed by the guardians of the children.
The study was designed as a pragmatic trial. A total of 112 children were examined. The choice of the participating schoolchildren was random, both genders and in the age range of 8-12 years old. The final sample consisted of 209 approximal surfaces of 137 maxillary and mandibular primary molars, selected from 33 children of two public schools in the Municipality of Nova Friburgo, R.J., Brazil. The selected children presented a minimum of one tooth in an advanced stage of exfoliation (more than two thirds of the root resorbed, verified by BW), without mobility higher than score 1 of the Miller classification (the first distinguishable sign of movement greater than normal). All the surfaces included were in contact with the adjacent tooth. Surfaces were excluded from the selection if they presented proximal restorations, cavitated lesions with absence of marginal crest, hypoplasia or demarcated opacity, absence of the adjacent tooth or scores 2 or 3 of the Miller classification [1938] .
Clinical Exams
This study was divided into three periods ( fig. 1 ). The first appointment consisted of visual-tactile (EX1), BW and DIAGNOdent pen (LF1) examinations, all performed by independent examiners at the School of Dentistry, Nova Friburgo, Fluminense Federal University, to avoid possible interference in the diagnosis.
At the first appointment, after cleaning with dental floss, the surfaces were examined using a mirror and exploratory probe, under proper lighting, drying with compressed air and relative isolation with cotton rolls, to perform the visual-tactile examination (EX1). This exam was performed by a previously calibrated examiner (A.A.R., examiner 1), in accordance with the criteria of Nyvad et al. [1999 Nyvad et al. [ , 2009 ( table 1 ) ; κ value for the Nyvad criteria was 0.90. Then, at the same appointment, DIAGNOdent pen (KaVo, Biberach, Germany) examination (LF1) was performed by a previously calibrated examiner 2 (F.P.), blinded regarding the visual-tactile examination. Previous training sessions to perform this examination took place in the Cariology Laboratory, Department of Preventive, Restorative and Pediatric Dentistry, University of Bern, for 10 days. The calculated κ obtained after training was 0.94. The type 1 tip (indicated for approximal surfaces) was used to perform the measurements. Before and during the exams, the device was calibrated and used according to the manufacturer's instructions, after isolation with cotton rolls and drying the teeth for 5 s with compressed air. The tip was introduced below the proximal contact area, from both buccal and lingual sides, in order to perform the exams. Therefore, for each surface, two values were obtained and the highest was recorded (LF1). After the measurements, the lesions were classified according to the cutoff points suggested by , according to table 2 .
Then, at the same appointment, BW were obtained, using an interproximal radiographic positioner (CONE, Maquira, Maringá, Brazil), with an exposure time of 0.3 s, using an X-ray device (Heliodent 70, model 0876805 D100B, Siemens, Rio de Janeiro, Brazil) set to 70 kV and 8 mA. Up to 2 BW were taken of each child, right and/or left, in order to include all of the selected proximal surfaces in the study. The radiographs were processed in accordance with the manufacturer instructions (Kodak E-speed, Kodak, USA). The radiographs were numbered and mounted on a mask for analysis. After observing the radiographs in a backlight, the surfaces were classified (P.R.A.O., examiner 3) according to the criteria of Kidd et al. [2005] and Mejàre et al. [1999] ( table 3 ) .
After this examination, orthodontic separating elastics were placed between the selected surfaces, which remained in place for 7 days. At the second appointment, after 7 days of elastics placement, they were removed, the surfaces were cleaned with dental floss, then clinical examinations (EX2) and measurements with DIAGNOdent pen (LF2) were performed right after tooth separation as described above.
At the third appointment, exams were performed in 43 exfoliated teeth (63 of the 209 surfaces), since many teeth did not exfoliate within the time established in the study schedule, whereas other exfoliated teeth were lost by the participating children. The maximum time elapsed between the last exam and exfoliation was 2 months. The exfoliated teeth were washed in distilled water and afterwards frozen in flasks with a lid, containing a small piece of sponge dampened with some drops of distilled water so that there would be no change in fluorescence [Francescut et al., 2006; . Before the measurements were taken with the device, the samples were defrosted for 3 h, and still kept in the humid and sealed environment. DIAGNOdent pen examination (LF3) was then performed directly on the proximal surface, preceded by the calibration steps previously described. All examinations were double-blind examinations.
Validation with μCT
After all examinations had been performed, 63 surfaces out of the total sample were used for the study validation by μCT, using the SkyScan device (SkyScan 1174, Kontich, Belgium). The specimens were rotated through 360°, at a rotation speed of 1.0, with a frame average of 2 and randomized movements. A 0.25-mm aluminum filter was used. The teeth were scanned at a power of 50 kV and 800 μA. Each exam lasted an average of 35 min. The geometrical correction resources of the field of acquisition (flat field) were used. The teeth were three-dimensionally reconstructed using the program NRecon, version 1.6.0.3, applying maximum reduction of ring artifacts and maximum beam hardening correction (100%). The images, stored in 16-bit TIFF files, were reconstructed and saved in BMP format with a resolution of 1,024 × 1,024 pixels. The reconstructed images were evaluated and classified with regard to depth of lesion by means of visualizing the sagittal cut, following the same clinical and radiographic evaluation scores as specified in tables 1 and 2 . The program Data Viewer was used in the classification of the images by means of visualizing the reconstructions in black and white and in color. Table 4 shows some of the cuts obtained from the samples in the present study, exemplifying each of the previously described scores and the correlation with the clinical scores obtained using the Nyvad index, BW and DIAGNOdent The same criterion as score 1, with surface defect (microcavity) located only in enamel. Without unsupported enamel or softened floor detectable with probe.
3 Active caries, cavity Cavity in enamel/dentin easily visible to the naked eye; the cavity surface appears to be softened on gentle probing. There may or may not be pulp involvement.
Inactive caries, intact surface
The enamel surface is whitened, brown or black. The enamel may be shiny with smooth, hardened texture when the probe is gently run over the surface. Without clinically detectable loss of substance. Smooth surface: caries lesion typically located at some distance from the gingival margin.
5
Inactive caries, surface with discontinuity
The same criterion as score 4, with surface defect (microcavity) located only in enamel. Without unsupported enamel or softened floor detectable with probe.
6
Active caries, cavity Cavity in enamel/dentin easily visible to the naked eye; the cavity surface may be shiny and hard when probed with light pressure. Without pulp involvement. caries extending into the dentin >15 Caries lesion in dentin; penetrated into the amelodentinal junction, without evident propagation in dentin 4 Caries lesion in dentin; evident propagation in the direction of the external half of dentin (less than halfway in the direction of the pulp) 5 Caries lesion in dentin; obvious propagation in the direction of the internal half of dentin (more than halfway in the direction of the pulp) pen readings. For each sample and among the cuts obtained of each surface, the image with the deepest lesion was considered for determination of the score. The degree of correction among the results obtained was evaluated according to nonparametric statistical tools by means of the Spearman (Spearman Rank-Order) tests. Principal component analysis (PCA) and cluster analysis were used to group elements of the sample and situate observations in homogeneous groups, these groups being heterogeneous among them. For statistical analysis, the Statistics 8.0 of the StatSoft program was used. All of the analyses were performed adopting a level of significance of α = 0.05.
In addition, sensitivity, specificity and accuracy 95% confidence intervals were calculated using an approach appropriate for clustered samples (http://vassarstats.net) comparing the results obtained by the exams to the results of μCT. The calculations were made at three thresholds (D1, D2 and D3). Table 4 shows the categorizations established for each test in order to perform sensitivity and specificity analysis.
Results
The sample composition consisted of 74 first primary molars and 63 second primary molars. Table 5 presents the distribution of score levels from EX1, EX2, LF1, LF2, BW and μCT. Figure 2 shows the PCA and cluster analysis of the data obtained. It can be observed, according to PCA ( fig. 2 a) , based on a correlation matrix (about 70% of variability explained by two main factors, 1 and 2, presented in the axis of the following picture), that there is a stronger correlation between EX2, LF3, μCT, BW and LF2. Variables were evaluated adopting the patients as the grouping variable. All variables are close to the unit circle, showing good model adequacy. A cluster analysis was also performed based on the Single Linkage Grouping Method and Euclidean distances. Again, similarity among μCT, BW, EX1 and EX2 is observed ( fig. 2 b) .
In table 6 , it may be observed that the ability of the correct detection of caries lesions (sensitivity) has increased in both visual-tactile and DIAGNOdent pen examinations after separation of interproximal contacts (EX2 and LF2, respectively), at all thresholds. When evaluating the ability to correctly detect sound surfaces (specificity), the interproximal contact influenced the DIAGNOdent pen examination results; specificity was increased, mainly at the D1 threshold (LF1 and LF2).
Accuracy results also are displayed in table 6 , which shows that the visual-tactile and DIAGNOdent pen examinations where improved after the use of orthodontic separating elastics. The higher difference of scores for both examinations was observed on the threshold D1 (for EX1 and EX2, and for LF1 and LF2). The BW method showed the lowest values of sensitivity and the highest values of specificity at all thresholds. Accuracy was higher at D3 level than with the other methods tested.
Analysis of the correlation between the methods ( table 7 ), among those considered significant at level α = 0.05 by means of the Spearman nonparametric test, revealed that the higher correlation score was found between scores EX1 and EX2. When comparing LF1 and LF2, this correlation has improved when there was no interproximal contact (LF2). Besides, the use of orthodontic separating elastics improved the correlation between DIAGNOdent pen and μCT results, once LF1 was not statistically significant and LF2 was 0.35. In relation to BW, it was observed that the higher score was found between correlations with EX2.
Discussion
The dynamic nature of the caries process and the contemporary change in the caries progression pattern have stimulated the search for knowledge on caries and the development of technology, aiming to recognize carious lesions on tooth surfaces at much earlier stages, before they reach the stage of cavitation. It would be appreciated to develop the ability to clinically differentiate the detected lesions according to their stage of progression, once it would allow dental professionals to interfere with the progression and to control it, particularly in noncavitated caries lesions. This is justified because these early lesions require nonoperative treatment, active progressing lesions could be turned into arrested, inactive lesions, before they reach cavitation stage [Nyvad et al., 2003] . In children, some aspects also support the relevance of diagnosing early stages of caries lesions, such as the discomfort of some operative procedures, particularly in small children, rapid progression to advanced stages of the disease in primary teeth and the higher cost of operative treatment.
The sensitivity and accuracy were improved in all examinations after approximal contact separation, at all three thresholds. It is particularly important at D1 threshold, which differentiates incipient caries lesions from sound surfaces. The use of orthodontic separating elastics placed between suspicious selected surfaces could represent a useful tool for caries diagnosis in the presence of clinical signs, i.e. shadow or opacity in the marginal ridge or a kidney-shape lesion close to the gingival margin in Table 6 . Values of sensitivity, specificity and accuracy of the examination methods used, compared with the results of μCT 106 the smooth surface. In these cases, tooth separation could allow the detection of cavitation, which is hard to manage, since initial lesions might be reversible by themselves after proper biofilm disorganization or fluoride application. In this way, temporary tooth separation may offer the clinician the possibility of determining whether the lesion is cavitated or noncavitated with some degree of accuracy [Hintze et al., 1999] and this technique may be suitable in low-caries, highly motivated individuals. In relation to specificity, the ability of detecting sound approximal surfaces by visual-tactile examination was not improved by contact separation. On the other hand, approximal contact separation improved specificity scores from DIAGNOdent pen examination, which indicates that the access of laser light to caries lesions in this region still needs to be improved in order to minimize false-positive diagnoses. The only in vivo study conducted up to the writing of this article [Novaes et al., 2009] did not evaluate the influence of contact on the results of the device. From the results of the present study, combined with the clinical observations obtained throughout the exams, the difficult access of laser light to the lesions can be explained by the close and extensive proximal contacts, a characteristic previously reported for primary teeth [Pitts and Rimmer, 1992] , and by the presence of the gingival papilla. also considered the interference characteristic of contacts in vivo in the results obtained with the device, suggesting further studies with regard to this difficulty. According to Aljehani et al. [2007] , potential sources of error in the DIAGNOdent readouts must be considered in the clinic, since the variables cannot be controlled in the same way as they can in studies in vitro.
The BW exam, which also presented high specificity, obtained low sensitivity, especially at D1 and D2 (0.27 and 0.23), a result in agreement with the findings of Silva Neto et al. [2008] . Compared with the visual-tactile exam, the radiographic exam presented higher sensitivity at D3, therefore, showing a better capacity to detect lesions in dentin than the visual exam. Based on this characteristic, combined with the accessibility and facility of the technique, the radiograph has been used as a complementary method, improving the estimate of the depth of caries lesions. When compared with the other exams evaluated, however, it demonstrated a low correlation with μCT, an indication of its limitation.
In the present study, the visual-tactile scores, before and after tooth separation (EX1 and EX2, respectively), reached higher correlation values (although these values were not statistically significant), and the scores between EX1, EX2 and μCT were almost the same. The Nyvad system for caries diagnosis defines activity for both cavitated and noncavitated lesions. These results could be explained by the fact that this examination was performed by an experienced examiner. This evidence was emphasized by a previous study, which showed that training might be an important tool in improving the performance of professionals [Séllos and Soviero, 2011] . On the other hand, when comparing LF1 and LF2, this correlation was improved when there was no interproximal contact (LF2). Also, the direct examination after using orthodontic separating elastics improved the correlation between DIAGNOdent pen and μCT results, once LF1 was statistically not significant and LF2 was 0.35. Nevertheless, it should be mentioned that the table of cutoff points used in this study was taken from an in vitro study with permanent teeth . Considering that the table of cutoff points contributes directly to the results, that the tables obtained from DIAGNOdent cannot be inferred for the DIAGNOdent pen [Kühnisch et al., 2007b] and in view of the positive correlation obtained for the DIAGNOdent pen -categorized values it is recommended that for the determination of new cutoff points, in vivo research should be conducted with histological validation using the DIAGNOdent pen in primary teeth.
In relation to BW, it was observed that the highest correlation was found with EX2 (r = 0.43). The correlation of BW and μCT was not statistically significant. In other words, DIAGNOdent pen and visual-tactile criteria had their correlation scores improved when there was not an approximal contact point.
Considering the multivariate statistical analysis, PCA and cluster analysis were performed to evaluate the data aiming at its reduction, elimination of overlapping and a more representative selection of data from linear combinations of the original variables. It could be observed that the correlations were in accordance with Spearman's correlation test.
The use of μCT as the gold standard is an option that has recently been investigated. Traditionally, the stereomicroscope and the optical microscope have been the histological analyses used as the gold standard for the validation of caries diagnosis studies; they are based on visual inspection of changes in the appearance of dental tissues. However, both of the methods cause destruction of the tooth and may make it difficult to examine the extension of the caries lesion [Huysmans and Longbottom, 2004] . Analysis by μCT has the advantage of being a nondestructive method, which allows visualization of dental structures and caries lesions in three dimensions [Swain and Xue, 2009] . Soviero et al. [2012] evaluated the effective-ness of μCT in the detection and evaluation of caries lesions on the proximal surfaces of primary teeth and found that this method has high sensitivity in the detection of initial lesions in enamel and in the differentiation of lesions in enamel and dentin, and could thus be used as the gold standard in caries lesion detection on the proximal surfaces of primary molars.
The in vitro and in vivo conditions were analyzed in this study without the presence of the point of contact. In other words, the readouts were taken directly on the proximal surface, in contrast to the other in vitro studies cited, which had the object of simulating the situation of proximal contact. In this analysis, the results of LF2 (in vivo) and LF3 (in vitro) were compared. In the evaluation of dentin lesions, the LF3 exam obtained slightly higher sensitivity values (0.78) than the other exams. A possible explanation could be the fact that the extraoral evaluations were made with greater proximity of the tip of the device to the surface examined (direct access of laser light), while the intraoral evaluations were made through the interdental space obtained after separation with orthodontic elastic, which in some cases did not allow direct contact of the tip with the tooth surface. As there are no similar studies for the evaluation of this variable, we suggest that further studies be conducted with these considerations in mind.
In a longitudinal study on dental students using temporary tooth separation, approximately 20% of approximal lesions with an intact surface, which were in the outer dentin radiographically, developed cavitation during the first 1.5-year period, indicating that not all dentinal lesions may be arrested, even among motivated individuals [Hintze et al., 1999] . Temporary tooth separation is not an applicable tool in all patients or clinical trials, and monitoring lesion behavior may still rely on radiography, with its inaccuracies and observer variations taken into account [Wenzel, 2004] . It should be pointed out that we believe that the minor mobility observed in the first appointment did not influence the scores obtained from the examinations. In few cases, in the second appointment, due to the elastic separation applied, the mobility was increased, but still could be classified as score 1 of the Miller classification. These observations must be taken into consideration due to the design of the present study, where authors would like to perform in vitro analysis of DIAGNOdent pen and μCT. But, in clinical practice, the use of approximal contact separation should be considered as an important tool, mainly to be used in specific sites where the clinician suspects the presence of initial caries lesions.
It should also be emphasized that the differential in this study is that the use of exfoliated teeth made it possible to compare different diagnostic tools using the μCT as the gold standard. The only in vivo study in primary teeth that compared diagnostic methods (visual examination, BW and DIAGNOdent pen) used the dental examination as a reference standard [Novaes et al., 2012] . In other words, this is the first in vivo and in vitro study that compares the influence of temporary tooth separation on the visual examination, BW and DIAGNOdent pen, using μCT as the gold standard. Another important contribution of this study is in relation to the methodology used, where the clinical assays in primary teeth made possible follow-up until its exfoliation, enabling the same tooth to be observed and compared by gold standard methods.
In view of the foregoing, the conclusions of the present study are: visual-tactile exam, using the Nyvad criteria, presented better results than the DIAGNOdent pen and BW in the diagnosis of sound approximal surfaces and approximal caries lesions without tooth separation in primary molars. However, the performance of the visualtactile exam and the DIAGNOdent pen was highly influenced by approximal contact point, mainly in the detection of noncavitated caries lesions. The use of orthodontic separating elastics can improve the diagnosis of noncavitated lesions and should be used as a complementary tool by the clinician, specially when initial caries lesions are suspected in approximal surfaces in primary molars.
